This paper presents a novel bio-inspired modular robotic arm that is purely evolved and developed from a mechanical stem cell. Inspired by stem cell whilst different from the other robot "cell" or "molecule", a fundamental mechanical stem cell is proposed leading to the development of mechanical cells, bones and a Sarrus-linkage-based muscle. Using the proposed bones and muscles, a bio-inspired modular-based five-degreesof-freedom robotic arm is developed. Then, kinematics of the robotic arm is investigated which is associated with an optimization-method-based numerical iterative algorithm leading to the inverse kinematic solutions through solving the non-linear transcendental equations. Subsequently, numerical example of the proposed robotic arm is provided with simulations illustrating the workspace and inverse kinematics of the arm. Further, a prototype of the robotic arm is developed which is integrated with low-level control systems, and initial motion and manipulation tests are implemented. The results indicate that this novel robotic arm functions appropriately and has the virtues of lower cost, larger workspace, and a simpler structure with more compact size.
Introduction
In the field of robotics, researchers and engineers have a dream of developing robotic arms with agile characteristics like the human arm to perform dynamic tasks under complicated and unconstructed environment. However, more than sixty years passed since the first robotic manipulator being patented by George G. Devol in 1954 (see Siciliano and Khatib, 2008) , it is still too far to say that this dream has come true. Nevertheless, new ideas and concepts have been putting forward to explore the ways of developing more efficient, dexterous and feasible robotic arms.
In order to achieve desired flexibility, manipulability and reconfigurability, one of the efforts is devoted to the development of novel, high performance module-based robotic arms. These include, to mention but a few, the one degree of freedom T-type and I-type modules proposed by Guan et al. (2009) ; the three degrees of freedom tendon-integrated spherical modules designed by Guckert and Naish (2009) ; the three degree of freedom active module suitable for space hyper-redundant robot presented by Shammas et al. (2006) and the bi-articular muscles developed by Yoshida et al. (2009) ; and through the construction of link modules and joints modules, Acaccia et al. (2008) developed a modular robotic system for generic industrial applications. However, most of these modules proposed are serial and rigid, they can only change the position and attitude of the endeffector within the allowable range of the linkage member. The degrees of flexibility of the structures of such serial rigid robotic arms are limited with simple functions such that they cannot adapt to the change of working environment and various customer demands. To overcome the shortcoming of serial robotic arms, effort has also been made to develop robotic arms based on parallel mechanism. Liu et al. (2006) proposed a novel five degree of freedom reconfigurable hy-brid robotic arm composed of a 2-DOF parallel mechanism and a 3-DOF serial kinematic chain. Jin and Gao (2002) studied a new 6-SPS parallel manipulator with an orthogonal configuration. Wurst and Peting (2002) presented PKM concept for designing modular-based reconfigurable machine tools, and using slide module and swing module, Xi et al. (2006) proposed reconfigurable parallel robot consisting of two base tripods.
In addition, bio-inspired robotic arms have also been designed and developed. One of the earliest bio-inspired robot is a new robotic system coined DRRS (Dynamically Reconfigurable Robotic System) proposed by Fukufda and Nakagawa (1988) . This robotic system consists of a number of intelligent cells each of which has a fundamental mechanical function. Each cell can detach or connect itself to the other cells autonomously depending on a specified task, the robot can then be of a manipulator or a mobile robot, the system also has the function of self-repair. In 1990, Fukuda and Kawauchi (1990) further proposed a new kind of robotic system called CEBOT (The Cellular Robotic System), which is a distributed robotic system consisting of reconfigurable autonomous units called "cell"s, the robot can reconfigure itself to an optimal structure depending on the specified purpose and environment. Further, Kotay and Rus (1999) proposed a robotic module called "Molecule" to build selfreconfiguring robots, the Molecules support multiple modalities of locomotion and manipulation. In the same period, Rus and Vona (1999) discussed a robotic system composed of crystalline modules that can aggregate together to form distributed robot systems. The crystalline modules can also move relative to each other by expanding and contracting. This actuation mechanism permits automated shape metamorphosis and provides a crystalline robot system the capability of self-reconfiguration. More recently, Yim et al. (2000) presented a modular reconfigurable robot called Poly-Bot. PolyBot is a modular reconfigurable robot system composed of two types of modules serving as segments and nodes. A segment module has one degree of freedom and two connection ports, and a node module is rigid with no mobility and has six connection ports. It was reported that two PolyBot systems have been built, and a robot with up to 32 modules being bolted together have been tested.
In this paper, we propose a stem-cell-inspired mechanical robotic arm. Different from the robotic arms discussed above that each of their mechanical cells or molecules is not separated but a completed robotic module being integrated with control and software system, the mechanical stem cell proposed in this paper, inspired by the character of stem cell, at a more basic and fundamental level, is a type of pure mechanical unit. This unit can be used to build different robotic modules in according to the practical applications.
Using the unit, a bio-inspired mechanical muscle based on Sarrus linkage is proposed, leading to the development of a 5-DOF bio-inspired robotic arm. This novel design helps augment workspace and overcome some shortcomings of con-ventional serial robotic arms. According to the available literature, although Sarrus linkage (Lee, 1996) has many applications in the field of robotics, including the crawling robot by Ranjana et al. (2006) , the road vehicle by Gavin and Luis (2010) and the micro six-legged segmented robot by Katie and Robert (2011) , there is no report on robotic arm that is constructed with Sarrus-linkage-based structures.
In this paper, a robotic arm evolved from a fundamental mechanical stem cell is for the first proposed, and its associated kinematics, simulation, prototype and initial test results are presented.
Bio-inspired robotic modules

Bio-inspired mechanical cells
Stem cells have the remarkable potential to be developed into different cell types during their life cycles, and under certain physiological or experimental conditions, they can be induced to become tissue-or organ-specific cells with special functions. Inspired by the evolution of stem cell, this paper proposes the concept of mechanical stem cells that are immature and have the potentiality to evolve into various robotic modules, such as bone, joint and muscle etc. A typical example of such a concept is illustrated in Fig. 1 where a mechanical stem cell is designed as a solid plate without any connections, in this sense, the cell is immature and its structure and function are indeterminate. However, with further evolution, the stem cell can grow connections at its edges and develop itself into mature mechanical cells. The connections can be of different types and two of them are considered in this paper, they are namely the male connection denoted as M and the female connection denoted as F. With the connections, mechanical cells such as FNMN cell and FFMM cell can be developed as shown in Fig. 1 , where N standing for no connection. In Fig. 1 , the FNMN cell consists of one mechanical stem cell and two connections, i.e. one female connection and one male connection; the FFMM cell has four connections which are arranged as F, F, M and M in clockwise sequence.
Development of mechanical bones
The FNMN and FFMM mechanical cells can further evolve themselves into mechanical bones forming structure modules that can be used as links or rigid bodies for constructing bioinspired robotic arms. For example, the FNMN and FFMM mechanical cells can interact and grow into different mechanical bones such as the cubic bone, cuboid bone and polyhedral bone that are indicated in Fig. 2 .
The cubic bone is a stable structure consisting of six FFMM cells, and by adding four more FFMM cells to a cubic bone, a cuboid bone can be generated as shown in Fig. 2b , the length of the cuboid bone is doubled that of the cubic bone. In theory, more FFMM cells may be incorporated in order 3 connections, mechanical cells such as 'FNMN' cell and 'FFMM' cell can be developed as shown in Fig. 1 with 'N' standing for no connection. Hence, the FNMN cell consists of one mechanical stem cell and two connections, i.e. one female connection and one male connection. While, the FFMM cell has four connections which are arranged as F, F, M and M in clockwise sequence. 
Bio-inspired bones
Further, the Using these two kinds of robot cells, we can build structure modules for the development of a robot arm. Figure 2 presents three kinds of robotic bones based on FNMN and FFMM cells. to extend the cuboid bones. Figure 2c shows a polyhedral bone consists of eight FFMM cells and twelve FNMN cells. Compared to the cuboid bone, a polyhedral bone has more inner space which can be used to install and store actuators, sensors and other member modules.
A bio-inspired mechanical bone developed through the mechanical cells have three advantages. First, its structure is simple, modular and apt-to-be fabricated. Second, its structure is reconfigurable and flexible. Third, the inner hollow space of these mechanical bones can be used to accommo-date sub modules of robot, which is very useful for some special applications such as space technology.
Bio-inspired Sarrus-linkage-based mechanical muscle
Sarrus linkage (Sarrus, 1853) is a one degree of freedom spatial linkage that was invented by Pierre Frédéric Sarrus (1798-1861) in 1853, that can transfer rotary motion into linear motion, or inversely transfer the linear motion into standard rotary motion (Chen et al., 2013) ; sometimes it is also referred to as spatial crank mechanism. It provides a great variety of possible motions and may accomplish complex tasks beyond what planar linkages are capable of as indicated in He et al. (2014) and Li et al. (2013) . The classic Sarrus linkage is a two-limb six-bar linkage of which each limb contains three parallel revolute joints, with the first joint of both limbs lying on the base plane and the third joint of both limbs lying on the platform plane. Based on the Sarrus linkage, we can artificially nurture the FNMN and FFMM mechanical cells into a bio-inspired mechanical muscle that is composited of six mechanical cells connected by six revolute joints as indicated in Fig. 3a . Like the Sarrus linkage, the mechanical cells are jointed to form two sets of limbs, each of which being a four-link chain. The first chain is comprised of two FFMM cells as the bottom end labelled 1 and the top end labelled 4, and two FNMN cells serving as side links 2 and 3; the cells are connected by three parallel joints whose axes are denoted as A, B and C as indicated in Fig. 3a . Similarly, the other branch is composed of two FFMM cells serving as bottom end 1 and top end 4 which are of duplicates of the first branch, and two FNMN cells acting as side links 5 and 6; the links are joined by three parallel revolute joints whose axes are D, E and F, respectively.
To meet the requirement of practical engineering applications, a robuster Sarrus-linkage-based mechanical muscle is symmetrically developed by integrating four additional FNMN cells into the standard Sarrus structure associated with six extra joints, as illustrated in Fig. 3b . This design does not alter the motion performance and output characteristics of a standard Sarrus structure but provides a more stable and reliable structure which is capable of carrying more payload. As illustrated in Fig. 3b , assuming that the bottom cell is fixed, the top cell can only has translational motion with respect to the bottom cell. The lower-side cells rotates about the bottom cell, and the upper-side cells rotate respectively about their adjacent lower-side cells and translate with the top cell. Obviously, the linear motion of the two parallel ends leads to the circular motion of the joints; and on the other hand, the circular motion of the joints results in the linear motion between the two parallel ends. Hence, this mechanical muscle can not only be used as a translational joint, but also acts as a supporting structure to expand further the workspace of a robotic arm.
Further, given the structure parameters of the Sarrus structure as illustrated in Fig. 3a 
Design and kinematics of the bio-inspired robotic arm
Design of a bio-inspired modular 5-DOF robotic arm
Based on the mechanical bones and muscle developed from the mechanical stem cells in the previous section, different type of robotic arms can be evolved and grown satisfying specific purpose and environment, and one bio-inspired modular-based 5-DOF robotic arm is developed in this paper as illustrated in Fig. 4 . This bio-inspired robotic arm is composed of three bio-inspired bones, i.e. the shoulder bone, upper-arm bone and forearm bone, and two bio-inspired muscles as the upper-arm muscle and the forearm muscle, connected by three revolute joints, that is, the shoulder joint, the elbow joint and the wrist joint, and two rigid connections as the upper arm rigid connection and the forearm rigid connection. It can be seen that the robotic arm is purely developed from the mechanical stem cell presented in Sect. 2.1. Regarding the degrees of freedom of the robotic arm, there are three revolute joints, two 1-DOF Sarrus-linkage-based mus- cles and two rigid connections, hence the total degrees-offreedom of the proposed robotic arm is five. For this robotic arm, through the shoulder revolute joint, it can realize an circular 360 • rotation of upper arm; through the upper arm Sarrus-linkage-based muscle, it can realize a combined rotation and translation of the upper arm and below parts, and change the workspace of the arm; through the elbow revolute joint, it can realize an entire 360 • rotation of forearm and the parts below; through forearm Sarrus muscle, it can realize a combined rotational and translational motion of the forearm and parts below, and change its workspace; further, through the wrist revolute joint, it can realize circular 360 • rotation of the wrist bone.
As described above, the dexterous motion generated by the proposed robotic arm provides augmented workspace. Regarding its application, the shoulder can be fixed on the base or combined with the other robots, we can also directly connect the upper Sarrus arm to the base or the other robots with the shoulder revolute joint. By accurate controlling the motion of each joint, the robotic arm can execute specific mission satisfying various customer requirements.
Forward kinematics
As aforementioned, the bio-inspired 5-DOF robotic arm developed in this paper is evolved from the mechanical stem cell consisting of bone cells and Sarrus-linkage-based muscles. Kinematics of such a robotic arm is different from the conventional ones and is investigated in this section. In order to describe the position and orientation of the proposed robotic arm, a global coordinate system {O 0 − x 0 y 0 z 0 } is located at the shoulder joint, and four body-attached coordinate systems are established at the upper arm muscle, upper arm born, forearm muscle and forearm born, respectively, as shown in Fig. 5 . As the robotic arm includes both serial and parallel kinematic chains, the traditional D-H method cannot be directly used to analyse its kinematics. In this paper, a more general approach, that is, homogeneous coordinate transformation method is used. By firstly solving the transformation matrices between the coordinate systems, and consequently deriving the total transformation matrix, we can obtain a matrix representing the posture of the wrist bone with respect to the global coordinate system leading to the investigation of the workspace and inverse kinematics of the proposed robotic arm.
Considering the motion sequence of the robotic arm, it involves both translational and rotational transformation. Herein, the homogeneous transformation matrix for translation is denoted as Trans(a, b, c) with a, b and c being the coordinates of a displacement vector a i + b j + c k, and the homogeneous transformation matrices for rotations about the x, y and z axes are denoted as Rot(x, θ), Rot(y, θ) and Rot(z, θ ), respectively, as defined in Cai (2009) . Further, for conciseness sake, the sine and cosine functions are denoted as s and c, respectively.
As discussed above, the bio-inspired robotic arm is built by the FFMM and FNMN mechanical cells evolved from the mechanical stem cell, thus all the unit modules used to construct the robotic arm have the same structure parameters and we assume that lengths of the side and thickness of a unit module are respectively a and b. According to the kinematics of Sarrus linkage, the angles θ i and ϕ i (i = 2 and 4) in the two Sarrus-linkage-based muscles in the robotic arm have the following relationship 2θ i + ϕ i = 2π (i = 2 and 4).
(1)
Referring to Fig. 5 , the position vector of the centroid point M in the wrist bone can be expressed in reference frame {O 4 − x 4 y 4 z 4 } in homogeneous coordinate form as Coordinate system {O 4 − x 4 y 4 z 4 } is transformed from frame {O 3 − x 3 y 3 z 3 } by a rotation about the y 3 axis by an angle θ 5 followed by another rotation about the x 4 axis by −π/2, and subsequently a translation q 34 along the z 4 axis. With respect to reference frame {O 3 }, the translation q 34 can be expressed as such that the homogeneous transformation matrix that defines reference frame {O 4 } relative to reference frame {O 3 } can be given as 
Similarly, according to Fig. 5 , posture of coordinate system {O 3 } can be obtained from reference frame {O 2 } by a rotation about the z 2 axis by angle θ 3 with a following rotation about the x 2 axis by π/2 and a translation given by vector q 23 . The translational vector q 23 can be presented in reference frame {O 2 } as
and therefore transformation matrix that defines frame {O 3 } with respect to frame {O 2 } can be obtained as
www.mech-sci.net/7/155/2016/ Further, by defining the displacement vector of the origin of frame O 2 with respect to the origin of frame {O 1 } as
Transformation of coordinate system {O 2 } with respect to reference frame {O 1 } that is achieved by a rotation about the x 1 axis by −π/2 and a translation with displacement vector 1 p 12 can be expressed as
From Fig. 5 , the displacement of the origin of reference frame {O 1 } with respect to the origin of frame {O 0 } can be given as
thus, the transformation from frame {O 1 } to frame {O 0 } which is performed by a rotation about the z 0 axis by angle θ 1 , a following rotation about the x 0 axis by π/2, and a subsequent translation p 01 can be derived as T 01 = Trans 0 p 01 Rot (z 0 , θ 1 ) Rot (y 0 , θ 2 − π ) Rot (x 0 , π/2)
Finally, multiplying all the four transformation matrices in Eqs. (4), (6), (8) and (10) 
Furthermore, combining Eq.
(2) and Eq. (11), the position vector of point M relative to be base coordination system {O 0 } can be expressed as 0 p = T 04 4 p.
According to Eqs.
(2) and (12), it can be found that the wrist revolute joint has no effect on the position of the wrist bone centroid M, but it affects the orientation of wrist bone.
Inverse kinematics
Inverse kinematics provides background for position control of a robotic arm. Given the Cartesian coordinate of the endeffector in the transformation matrix T 04 , we attempt to derive the joint space formed by the five variables ϑ = {θ 1 , θ 2 , θ 3 , θ 4 , θ 5 }. Since the proposed robotic arm is formed in a hybrid configuration, the inverse kinematics is highly nonlinear such that it is difficult to find closed-form solutions. Thus, in this section, a numerical approach is proposed for solving the inverse kinematics of this bio-inspired robotic arm. Dividing matrix T 04 into blocks, it has
where, R 04 = [x 04 y 04 z 04 ] T is the rotation matrix lying in SO(3) defining orientation of the wrist bone with respect to the base frame, and q 04 = [q x q y q z ] T is a vector in R 3 that locates the position of the centroid M of the wrist bone relative to the base frame.
Assuming that elements of the matrix in Eq. (13) are specified, equalizing Eqs. (11) and (13) leads to a set of non-linear equations containing 5 variables and 12 equations which are not all independent. In this way, the inverse kinematic problem of the proposed robotic arm is converted into finding solutions for the 12 dependent equations.
However, as aforementioned, due to the hybrid structure of the proposed bio-inspired robotic arm, there is no analytical solution for the set of non-linear transcendental equations, there exist only numerical solutions or approximate solutions. Further, unless in the case of special circumstances, there is no general direct method to get the numerical solution structure of non-linear equations, including the existence of solution and multiple solutions. At present, there are two approaches for obtaining the numerical solution, i.e. the indirect method based on fixed point theorem, and the optimization method based on variational principle, both of these methods are based on iterative numerical solution adopting the strategy of the "time for accuracy" termed in Zhou et al. (2008) . Considering that the kinematics equations to be solved herein is a hyper-redundant non-linear transcendental one without direct solution available, we convert this problem into a global optimization problem based on optimization methods as follows.
Given elements to matrix T 04 in Eq. (13) and equalizing it with Eq. (11), a set of dependent equation can be formed in terms of the five variables as
where the joint space ϑ = {θ 1 , θ 2 , θ 3 , θ 4 , θ 5 } contains the five variables whose variation ranges are defined as π/2 ≤ θ 2 , θ 4 ≤ π and − π ≤ θ 1 , θ 2 , θ 3 ≤ π.
In order to convert the equation solving problem into an equivalent optimization problem, Eq. (14) is converted to construct an energy function as
Thus, the problem of solving non-linear transcendental equations is transformed into the problem of solving the energy function complying with a given constraint. That is, given a sufficiently small positive number ε, the aim is to search for a set of values ϑ * (θ 1 , θ 2 , θ 3 , θ 4 , θ 5 ) such that P (ϑ * ) < ε holds, and as a result, ϑ * (θ 1 , θ 2 , θ 3 , θ 4 , θ 5 ) provides as a set of approximate solutions for the above nonlinear transcendental equations.
The numerical solutions of non-linear transcendental equations can be implemented in three steps as presented in Lu et al. (2008) :
1. the existence of solutions: checking whether the equations have solutions;
2. solution isolation: dividing the solution interval into smaller sub-intervals, for each sub-interval, there may exist a solution or not, and if so, we can refer to any point in the sub-intervals as an approximation solution;
3. solution precise: efforts to improve the accuracy of the approximation solution, make it satisfy a certain accuracy requirement.
Considering the approach of solving non-linear equations based on global optimization method, a numerical iterative algorithm is proposed with its procedures shown in Fig. 6 and the specific process is interpreted as follows.
Firstly, define the maximum number of iteration N and the threshold error ε: if the calculation accuracy reaches the threshold error ε, stop the operation and the corresponding set of variable obtained may provide a set of inverse kinematic solutions; if the number of operations has reached the maximum number of iteration N, even if accuracy error is larger than the threshold, also stop operations. Obviously, if the number of operations has reached the maximum number of iteration, and the calculation error is still big, this means that the accuracy of the solutions is not high enough to meet the threshold, we need to increase the maximum number of iteration N so as to achieve a set of more precise solutions.
Secondly, allocate values of the five variables θ 1 , θ 2 , θ 3 , θ 4 and θ 5 according to their individual intervals defined in Eq. (15), and substitute them into the energy function P (ϑ), then perform the iterative operation and select the minimum value of the energy function P (ϑ) searching for the optimized set of variable values (θ k1 , θ k2 , θ k3 , θ k4 , θ k5 ) that leads to minimum value of the energy function denoted as P (ϑ) min .
Thirdly, continue allocating the five variables θ 1 , θ 2 , θ 3 , θ 4 and θ 5 in a smaller interval near (θ k1 , θ k2 , θ k3 , θ k4 , θ k5 ), and running iterative operations. This will result in better minimum energy function value P (ϑ * ) and the refined solutions for the five variables.
Repeat the above steps until the value of energy function is less than the threshold error or the iteration times reached the maximum number, the final output of the five variables θ 1 , θ 2 , θ 3 , θ 4 and θ 5 will be a set of optimal solutions for the nonlinear equations, that is, the inverse kinematic solution of the proposed robotic arm.
Obviously, this algorithm can reliably obtain a set of solutions satisfying the equations through a series of continuous divide and iteration. To seek a more accurate solution, more divided intervals and iteration times are required, which naturally increases the operation time. It can be found that the above algorithm can satisfy the general application requirements without involving any kind of complex algorithm such as genetic algorithm or neural networks. In this paper, the results obtained indicate that this algorithm is sufficient to compute the inverse kinematics and provide results for position and orientation control, the results are indicated by numerical simulation and physical prototype validation. 
Numerical simulation and prototype of the robotic arm
Workspace and the typical configurations
Based on the transformation matrix of the wrist bone centroid M given in Eq. (12), using Matlab package, we can plot the trajectory of point M relative to the fixed reference frame {O 0 }, that is, workspace of the wrist bone centroid M relative to the universal coordinate system, as shown in Fig. 7 . In this example, the size of each stem mechanical cell is a × a × b = 30 mm × 30 mm × 6 mm, in addition, the geometric collisions among member modules during spatial motion are not considered. Figure 7a and b show that the projection of the workspace of the robotic arm in any plane that is perpendicular to the z axis is symmetric, the arm can make a whole circular motion around the z axis without any interference. Figure 7b and c show that the wrist can perform both forward and backward motions in a certain range in the negative direction of the z axis, which provides potential capability of mimicking the motion of a human arm.
The workspace of the robotic arm in Fig. 7 also demonstrates that, without considering the size of the shoulder, when all the Sarrus-linkage-base muscles are fully retracted, the entire arm length in the z axis direction is 108 mm, while the wrist centroid M can reach in a the range from −71 to 200 mm along z axis, as illustrated in Fig. 7c and d . Like-wise, when retracted, the position of wrist centroid M in the xand y-direction can be zero, and the actual workspace is in the range from −175 to 175 mm along the x axis and the y axis, respectively.
In addition, Fig. 8 demonstrates the typical configurations and workspace augmentation principle of the proposed robotic arm. Figure 8a shows one extreme phase of the robotic arm with two Sarrus-linkage-based muscles being fully retracted, compared with the fully expanded phase indicated in Fig. 8b and the intermediate phase in Fig. 8c , the robotic arm has the smallest volume of workspace at this phase, and in this configuration, the lengths of three equivalent links l 1 , l 2 and l 3 are l 1 = a 2 + (a + 4b) 2 , l 2 = √ a 2 + 4b 2 and l 3 = a/2 + b, respectively; where, a and b are respectively the side length and thickness of the mechanical stem cells. Figure 8b shows another extreme phase of the robotic arm with the two Sarrus-linkage-based muscles being fully expanded, compared with Fig. 8(a) , it can be found that the lengths between O 0 and O 2 , and between O 2 and O 4 increase, such that the lengths of the three equivalent links become l 1 = (a/2 + b) 2 + (5a/2 + 3b) 2 , l 2 = (a/2 + b) 2 + (3a/2 + b) 2 and l 3 = a/2 + b. Figure 8c shows an intermediate phase in which configuration the lengths of the three equivalent links are l 1 = (a/2(1 − cα) + bsα) 2 + (a(1 + 3sα/2) + b(3 − cα)) 2 , l 2 = (a/2(1 − cη) + bsη) 2 + (3a/2sη − bcη) 2 and l 3 = a/2 + b. Based on the changes of the lengths of the three equivalent links l 1 , l 2 and l 3 , the workspace augmentation function of the two Sarrus-linkage-based muscles can be formulated and illustrated in Fig. 9 . Figure 9a shows the relationship between length of the equivalent link l 1 and the configuration angle α of the upper arm Sarrus-linkage-based muscle. It can be found that as the upper arm muscle transform from the fully retracted phase to the fully expanded phase, the actual length of link l 1 increases from 61.77 to 95.34 mm with the maximum length of 96.33 mm; which provides an extra 34 mm flexible length to the upper arm to achieve a linear motion along the z axis.
Similarly, as shown in Fig. 9b , as the forearm Sarruslinkage-based muscle transforms from the fully retracted phase to the fully expanded phase, the actual length of the equivalent link l 2 increase from 30.59 to 49.66 mm, and the maximum length is 51.35 mm, which implies that an extra 20 mm flexible length is provided to the forearm for the linear motion along the z 4 axis.
Hence, with the two Sarrus-linkage-based muscles integrated in this novel bio-inspired robotic arm, it can break through the limitation of conventional robotic structure and enlarge its workspace, which makes the robotic arm particularly suitable for performing large-scale motion in a compact space, not only as a general industrial robotic arm, but also as a device carried by mobile robot to perform investigation, detection, rescue, transportation and other tasks.
Numerical solution for the inverse kinematics
Further, in order to validate the feasibility and accuracy of the proposed algorithm for inverse kinematic analysis, one numerical example is provided in this section. The validation method and process is: first, give an initial value for the five variables θ 1 , θ 2 , θ 3 , θ 4 and θ 5 , the two structure parameters a and b of the mechanical stem cell, and substitute them into the forward kinematics matrix in Eq. (11) to achieve the transformation matrix; second, by equating the specified transformation matrix to Eq. (13), construct a set of non-linear transcendental equations containing 12 equations; third, by using the algorithm presented in Sect. 3.3, solve the equations and check the group of optimal solutions and minimum energy function value, this leads to the appropriate inverse kinematic solutions of the robotic arm.
Here, we assume that the mechanical stem cell has structure parameters a = 30 mm, b = 6 mm, and a set of values within the ranges of the five joint variables is given as ϑ = (θ 1 , θ 2 , θ 3 , θ 4 , θ 5 ) = (π/1.5, π/1.2, −π/2, −π/6, π/3). (17) Firstly, substituting the variables in Eq. (17) into the transformation matrix in Eq. (11), the transformation matrix for representing the wrist bone coordinate system with respect to the global coordination system can be specified as 
Then, by equating matrices Eqs. (18) and (13), a set of non-linear transcendental equation containing 5 variables and 12 equations can be constructed.
Subsequently, substituting the above matrix into the algorithm developed in Matlab ™ program, and setting subdivision number as n = 48, the threshold error ε = 0.5 and the maximum number of iterations N = 20, we get a set of inverse kinematic solutions as ϑ = (θ k1 , θ k2 , θ k3 , θ k4 , θ k5 ) = (2.0982, 2.6129, −1.6797, −0.3984, 1.0433),
where, the number of iterations is 16, the minimum energy function value P (ϑ) min = 0.2250, such that P (ϑ) min < ε and therefore the operation terminates. Figure 10 . Prototype of the proposed bio-inspired robotic arm.
Comparing the results in Eq. (20) with the specified values in Eq. (18) as show in Table 1 , it can be found that except for the element t 33 , the errors are within the tolerance ranges, and the minimum value of energy function P (ϑ) is within the acceptable range. Therefore, Eq. (20) can be accepted as a set of inverse kinematic solutions for the robotic arm. At the same time, the results show that the numerical iteration method developed for the non-linear transcendental equations of robotic arm is valid and feasible.
Prototype and validation
Based on the forward and inverse kinematic analysis of the bio-inspired robotic arm, the mechanical cells were designed and fabricated, and a prototype of the proposed 5-DOF robotic arm was constructed, assembled and integrated with low-lever control system as illustrated in Fig. 10 . It can be seen that, the mechanical system was completely built by using only the FFMM and FNMN cells that are developed from the mechanical stem cell, the three revolute joints at the shoulder, elbow and wrist are driven by rotary stepper motors, and the Sarrus-linkage-based muscles are driven by linear motors.
To validate the forward and inverse kinematic models of the robotic arm, a virtual obstacles is designed to construct obstacle avoidance motion test of the robotic arm. As shown in Fig. 11a , the robotic arm is in the rear of a cuboid obstacle, the purpose of obstacle avoidance motion test is to locate the robotic arm in front of the obstacle without any interference. It can be seen that if the shoulder joint rotates directly, the whole arm will swing toward the obstacle, which may lead to an interference between the arm and the obstacle. Therefore, in order to avoid potential collision with the obstacle, a simple but efficient motion control strategy is used based on the property of the Sarrus-linkage-based muscles. Figure 11a shows the initial configuration of the robot in simulation corresponding with the physical test. By only driving the upper arm Sarrus-linkage-based muscle, the upper arm shrinks and the arm arrives at a position over the obstacle, as shown in Fig. 11b . Following a rotation of the shoulder's revolute joint, the robotic arm swings ahead and points in the front direction of the obstacle, as shown in Fig. 11c . Finally, by releasing the upper arm muscle, the upper arm expands to make the robotic arm reach the desired position avoiding the obstacle, as illustrated in Fig. 11d .
Initial tests indicate that the proposed robotic arm can not only perform the functions desired in the design but also overcome obstacles through the shrinking motion of the upper arm and forearm Sarrus-linkage-based muscles, which greatly simplifies control strategy and reduces the financial cost for establishing complex control system.
Conclusions
In this paper, a novel bio-inspired robotic arm was for the first time proposed and presented. This robotic arm was designed and developed based on a single type of mechanical stem cells.
Inspired by the function and characteristics of the stem cell but different from the other robot "cell" or "molecule", the mechanical stem cell presented in this paper is simple but capable of evolving into different functional cells, bones and muscles. Using the bones and a mechanical muscle developed based on the Sarruse linkage, a 5-DOF bio-inspired robotic arm was designed and its associated kinematics was investigated. In order to solve the inverse kinematics of the proposed robotic arm, an optimization-method-based numerical iterative algorithm was proposed and verified with a numerical example and computer simulations. Further, a physical prototype of the proposed 5-DOF robotic arm was developed and initial tests were carried out to validate the correctness of forward kinematics and the applicability of inverse kinematics solving algorithm.
Overall, the paper has indicated that the stem-cell inspired pure mechanical stem cell has parallels in biology and provides a flexible modular way to build mechanical bones and muscles for robotic arm development. Advantages of the proposed bio-inspired robotic arm can be summarized in three aspects: first, its structure is simple, modular and apt to be fabricated; second, its structure is reconfigurable and flexible; and third, the inner hollow space of these robot bones can be used to settle sub modules of robot, which is very useful for some special application such as space technology.
